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Introduction
============

Mammalian gene loci display a nonrandom positioning within cell nuclei, which is related to their functional regulation. In particular, association with the nuclear periphery and pericentric heterochromatin seems to play a role in the regulation of transcription and recombination ([@bib5], [@bib6], [@bib7]; [@bib30]; [@bib20]). Also, the positioning of gene loci at specific regions of the respective chromosome territory appears to play a role in their functional regulation ([@bib11], [@bib12]; [@bib34]; [@bib10]; [@bib22]; [@bib35]). Currently, it is unclear how the association of gene loci with specific nuclear domains relates to their organization within chromosome territories.

An important question is at which level the functional organization of chromosomal loci in the nucleus is regulated. Previous reports suggested that whole chromosomes ([@bib13]; [@bib4]) or large chromosomal subregions in the size range of several hundred kb pairs up to several Mb pairs ([@bib17]; [@bib13]; [@bib27]; [@bib34]; [@bib35]) displayed a specific nuclear positioning. Also, the results of recent FISH analyses implied that region-specific gene density and transcriptional activity, rather than the activity of individual genes, influenced the organization of chromosome territories ([@bib22],[@bib23]).

To address the question of whether nuclear positioning is indeed regulated at the level of larger chromosomal subregions rather than at the level of individual genes, we investigated the nuclear positioning of three adjacent genes in the cystic fibrosis transmembrane conductance regulator (CFTR) region on human chromosome 7q31. The genes evaluated besides CFTR were the [g]{.ul}erm cell--specific expression, presence of ANK, SAM, and basic leucine zipper domains (GASZ) gene localized ∼50 kb upstream of CFTR ([@bib36]), and the cortactin-binding protein 2 (CORTBP2) gene localized ∼45 kb downstream of CFTR ([@bib8]). The CFTR gene codes for a cyclic AMP-dependent chloride channel that is expressed in a number of epithelial tissues, in particular in the respiratory tract epithelium ([@bib15]; [@bib21]). Mutations in this gene cause cystic fibrosis, which is the most common severe autosomal recessive disease amongst the Caucasian population. GASZ displays germ cell--specific expression and may represent a cytoplasmic signal transducer mediating protein--protein interactions during germ cell maturation ([@bib36]). CORTBP2 codes for a cortactin-binding protein of unknown function and is expressed in a variety of human tissues ([@bib8]). Our results show that the nuclear positioning of GASZ, CFTR, and CORTBP2 and their association with distinct chromatin fractions is regulated at the level of individual genes in a transcription-dependent manner.

Results
=======

Nuclear positioning of GASZ, CFTR, and CORTBP2
----------------------------------------------

First, we investigated nuclear positioning of CFTR in human SH-EP N14 neuroblastoma cells, where this gene is not transcribed (for levels of transcription see [Table I](#tbl1){ref-type="table"}; also see Fig. S2, available at <http://www.jcb.org/cgi/content/full/jcb.200404107/DC1>), and in Calu-3 adenocarcinoma cells, where CFTR is highly expressed. CFTR was detected by FISH using the prokaryotic artificial chromosome CF1 from the 5′ region of the CFTR gene ([Fig. 1](#fig1){ref-type="fig"}). This probe was used in all FISH experiments for detection of CFTR unless otherwise indicated. We investigated formaldehyde-fixed nuclei, which were also immunostained with antibodies against the lamina-associated polypeptide 2β (LAP2β) or histone H4 acetylated at lysine 8 (H4Ac8). H4Ac8 is enriched in the early replicating and transcriptionally active euchromatin in the nuclear interior, whereas later replicating and transcriptionally inactive heterochromatin, including perinuclear heterochromatin, is depleted in H4Ac8 ([@bib27]). LAP2β is an integral protein of the inner nuclear membrane, which binds to chromatin ([@bib18]; [@bib25]). A fraction of cells was also pulse labeled with FITC-dUTP in order to label distinct fractions of heterochromatin and euchromatin displaying a distinct replication timing and localizing at specific nuclear regions ([@bib27]; [@bib38]).

###### Test gene expression as percentage of α-actin expression

  Cell type          CORTBP2                CFTR                     GASZ
  ------------------ ---------------------- ------------------------ ------------
  T-lymphocytes      0.33 ± 0.58%           Zero                     Zero
  HEK 293            6.9 ± 4.8% (*n* = 4)   Zero (*n* = 4)           Zero
  SH-EP N14          Zero (*n* = 4)         Zero (*n* = 4)           Zero
  Calu-3             0.27 ± 0.29%           57.6 ± 23.4% (*n* = 5)   Zero
  HT1080             0.53 ± 0.45%           Zero                     Zero
  Testis             2.2 ± 1.7%             2.1 ± 0.4% (*n* = 4)     Detectable
  Nasal epithelium   0.67 ± 0.12%           1.3 ± 0.3%               Zero
  Calu-3 control     \-                     77.5 ± 13.0%             \-
  Calu-3 plus DRB    \-                     34.7 ± 19.2%             \-

The values are based on average percentages of experimental gene expression while control gene (α-actin) is still in exponential phase of amplification. The values shown are means ± SD for *n* = 3 replications, unless otherwise shown. "Zero" indicates that the experimental peak was undetectable within log phase of α-actin amplification and within 40 cycles of normal monoplex PCR amplification. For GASZ, expression in testis was only detected after α-actin amplification had entered the plateau phase, and was confirmed by monoplex PCR.

![**Schematic drawing of the CFTR region.** CFTR, GASZ, and CORTBP2 are symbolized by open boxes. Arrows indicate the directions of transcription and the numbers of exons are given by numbers below the genes. The scale at the top shows the DNA length in kb pairs. The boxes below the gene loci indicate lengths and positions of the probes used for FISH specific for GASZ (black), the 5′ end of CFTR (CF1, dark gray), the 3′ end of CFTR (light gray), and CORTBP2 (white).](200404107f1){#fig1}

After immuno-FISH, nuclei were imaged by confocal microscopy. In SH-EP N14 cells, 87% of the CFTR-specific FISH signals (*n* = 100; *n* always refers to the numbers of FISH signals analyzed) were associated with the nuclear periphery, as visualized by the different labeling methods used ([Fig. 2](#fig2){ref-type="fig"}). At the nuclear periphery, CFTR was embedded in the perinuclear heterochromatin not enriched in H4Ac8 ([Fig. 2](#fig2){ref-type="fig"} a; [@bib27]) and replicating during the second half of S-phase ([Fig. 2](#fig2){ref-type="fig"} e). Immunostaining of LAP2β revealed a very close association of CFTR with the nuclear periphery ([Fig. 2](#fig2){ref-type="fig"} c). Also, FISH signals, appearing to localize to the nuclear interior, were associated with invaginations of the nuclear periphery forming long intrusions into the nuclear interior in this cell type ([Fig. 2](#fig2){ref-type="fig"} c). Counterstaining of DNA with propidium iodide confirmed the perinuclear localization of CFTR and revealed that it was not associated with perinucleolar heterochromatin in SH-EP N14 cells ([Fig. 2](#fig2){ref-type="fig"} f).

![**Nuclear localization of CFTR.** FISH (red signals) was performed with nuclei from SH-EP N14 (a, c, e, and f) and Calu-3 cells (b and d). Nuclei were immunostained with antibodies against H4Ac8 (a and b, green) or LAP2β (green in c and d). Nuclei were also labeled by replicational pulse labeling (e, green) or were counterstained with propidium iodide (f, green false color). Single light-optical sections are shown and often only one CFTR allele is present in the displayed nuclear plane. (a and b) Arrows point to CFTR alleles associated at the nuclear periphery with chromatin not enriched in H4Ac8 (a, SH-EP N14) or embedded in the nuclear interior into chromatin enriched in H4Ac8 (b, Calu-3). (c) One CFTR allele (arrow) associates at the nuclear periphery with high concentrations of LAP2β. The other CFTR allele (large arrowhead) associates with an invagination of the nuclear periphery into the interior (cross section, green), also containing high concentrations of LAP2β. An enlargement of the FISH signal associated with the invagination is shown in the inset. Only the yellow section of the stained area corresponds to the FISH signal (colocalization of the red FISH signal with the invagination stained in green). The small arrowhead points to a second invagination not associated with a FISH signal. (d) In Calu-3 cells, CFTR (arrow) does not associate with high local concentrations of LAP2β. (e) The replication labeling pattern (green) is typical for the second half of S-phase, with strongly stained perinuclear heterochromatin. The arrow points to a CFTR allele (doublet signal) embedded within the perinuclear heterochromatin. (f) Nucleoli (asterisks) appear unstained in the propidium iodide counterstain (green). The CFTR allele (arrow) is associated with the nuclear periphery, but not with the nucleolar peripheries. Bars, 5 μm.](200404107f2){#fig2}

In Calu-3 cells, 88% of the CFTR-specific FISH signals were embedded in the nuclear interior within the transcriptionally active euchromatin, which is specifically enriched in H4Ac8 ([Fig. 2](#fig2){ref-type="fig"} b, *n* = 26; [@bib27]), and most of the FISH signals (82%) were not associated with high local concentrations of LAP2β ([Fig. 2](#fig2){ref-type="fig"} d; *n* = 27). Together, these results revealed that CFTR associated in its inactive state in SH-EP N14 cells with the nuclear periphery and here with later replicating perinuclear heterochromatin depleted in H4Ac8. In contrast, in its actively transcribed state in Calu-3 cells, CFTR did not associate with the nuclear periphery, but with euchromatin enriched in H4Ac8 occupying the nuclear interior.

Next, we investigated the association of GASZ, CFTR, and CORTBP2 with perinuclear heterochromatin, highlighted by replicational pulse labeling, in SH-EP N14, Calu-3, and HEK 293 cells. Cells were fixed with formaldehyde and imaged by confocal microscopy. In SH-EP N14 cells, where none of the genes were transcribed ([Table I](#tbl1){ref-type="table"}), all three genes preferentially associated with perinuclear heterochromatin ([Fig. 3](#fig3){ref-type="fig"}, a, b, and e; ∼80--90%). GASZ and CFTR were not transcribed in 293 cells, and also here 80--90% of the corresponding FISH signals associated with perinuclear heterochromatin ([Fig. 3, c and e](#fig3){ref-type="fig"}). In contrast, CORTBP2 was transcribed at relatively high levels in this cell type and only ∼10% of the corresponding FISH signals associated with the perinuclear heterochromatin ([Fig. 3](#fig3){ref-type="fig"} e). Closer inspection of the data revealed that although CORTBP2 was clearly not associated with the perinuclear heterochromatin in ∼90% of the cases, it still occupied relatively peripheral positions and was typically located just behind the border to the adjacent euchromatin ([Fig. 3](#fig3){ref-type="fig"} d).

![**Spatial arrangements of GASZ, CFTR, and CORTBP2.** (a--d) Panels show light-optical sections of formaldehyde-fixed nuclei from SH-EP N14 (a and b) and HEK 293 (c and d) cells (bar, 5 μm). CFTR (a and c) and CORTBP2 (b and d) were detected by FISH (red signals). Perinuclear and perinucleolar heterochromatin has been visualized by replication labeling (green). The arrows in a, b, and c, respectively, point to CFTR and CORTBP2 genes embedded within the perinuclear heterochromatin. The arrow in d points to the CORTBP2 locus (doublet signal) localizing within the adjacent euchromatin. The insets in c and d show the corresponding FISH signals and their nuclear environments enlarged. (e) The fractions of FISH signals (violet bars, GASZ; red bars, CFTR; yellow bars, CORTBP2; average ± SD) colocalizing with perinuclear heterochromatin were determined in the cell types indicated. Replication-labeled nuclei as shown in panels a--d were evaluated after FISH. In each case ∼50--60 FISH signals were evaluated.](200404107f3){#fig3}

In Calu-3 cells, only GASZ was not transcribed. Here, a bias toward association with perinuclear heterochromatin could be observed ([Fig. 3](#fig3){ref-type="fig"} e; ∼60%), although in Calu-3 cells the preferential association of GASZ with perinuclear heterochromatin was not as pronounced as in the other cell types examined. CORTBP2, which was expressed in Calu-3 cells, did not preferentially associate with perinuclear heterochromatin, but also here the tendency was relatively weak (∼40% of the FISH signals still associated with perinuclear heterochromatin). In accordance with the results described above ([Fig. 2](#fig2){ref-type="fig"}), CFTR was in the vast majority of cases not associated with perinuclear heterochromatin in Calu-3 cells ([Fig. 3](#fig3){ref-type="fig"} e; ∼95%).

In summary, the results did show that GASZ, CFTR, and CORTBP2 preferentially associated with perinuclear heterochromatin in their inactive states, but not when actively transcribed. When preferential association with perinuclear heterochromatin was observed, the genes always fully colocalized with the heterochromatin and were surrounded by it ([Fig. 2](#fig2){ref-type="fig"} e and [Fig. 3](#fig3){ref-type="fig"}, a--c). As the layer of perinuclear heterochromatin is relatively thin (\<1 μm), this suggests that the distances of the inactive gene loci to the nuclear envelope were \<1 μm. A very tight association with the nuclear envelope and direct physical contact was also suggested by the results obtained after additional immunostaining of LAB2β ([Fig. 2](#fig2){ref-type="fig"} c).

Although we did not quantitate whether the alleles present in one nucleus always showed the same behavior, it is obvious that at least in those cases, where a very pronounced preferential localization was observed (all three genes in SH-EP N14 and 293 cells and CFTR in Calu-3 cells), the alleles of a given gene in one nucleus must have shown the same behavior in the vast majority of nuclei. This can be also observed on several images shown ([Fig. 2](#fig2){ref-type="fig"} c; see [Fig. 5](#fig5){ref-type="fig"} a; also see Fig. S1, available at <http://www.jcb.org/cgi/content/full/jcb.200404107/DC1>).

Erosion analyses ([Fig. 4](#fig4){ref-type="fig"}) allow a relatively fast evaluation of nuclear gene distributions and are ideally suited for investigating large sample numbers. The results of erosion analyses can not, per se, be interpreted in terms of the nuclear distribution of FISH signals or their associations with specific nuclear regions. However, by relating results from erosion analyses to known distributions of FISH signals in the three-dimensional (3D) nuclear space, it becomes possible to interpret the data.

![**Summary of the erosion analysis results.** Nuclei of the seven cell types indicated were hybridized with probes specific for GASZ (left-hand diagrams), CFTR (diagrams in the middle), and CORTBP2 (right-hand diagrams). Nuclei were imaged by epifluorescence microscopy and the 2D image of each nucleus was subdivided into five concentric areas with each area having a thickness of 20% of the nuclear radius as defined by the DAPI counterstain. The positions of FISH signals with regard to these five areas were determined. The five bars in each diagram indicate the fractions of FISH signals in the five concentric areas (average ± SD). The very left bar in each diagram corresponds to the most peripheral area (1), whereas the right bars correspond to the central area (5). For each combination (gene and cell type), 2--8 independent experiments have been performed. *n* indicates the number of FISH signals evaluated. In addition, on each panel it is indicated whether the gene analyzed was transcriptionally active (on) or inactive (off), as revealed by the RT-PCR analyses ([Table I](#tbl1){ref-type="table"}).](200404107f4){#fig4}

To analyze larger sample numbers we performed erosion analyses with regard to GASZ, CFTR, and CORTBP2 in the following cell types: primary nasal epithelial cells and primary T-lymphocytes obtained from healthy donors, 293 cells, HeLa cells, SH-EP N14 cells, HT1080 fibrosarcoma cells, and Calu-3 cells. The results ([Fig. 4](#fig4){ref-type="fig"}) revealed that a close association of a gene locus with the nuclear periphery and perinuclear heterochromatin, as observed for GASZ, CFTR, and CORTBP2 in SH-EP N14 cells and GASZ and CFTR in 293 cells ([Fig. 2](#fig2){ref-type="fig"} and [Fig. 3](#fig3){ref-type="fig"}), was indicated in the erosion analysis by a peak in the number of FISH signals in the first (outermost) shell, with at least 40% of the FISH signals being located there (note that the "true" fraction of FISH signals associating with the nuclear periphery \[80--90%\] is largely underestimated by the erosion analysis). A second feature indicating a close association with the nuclear periphery is a constant decline in the numbers of FISH signals toward the nuclear center, giving rise to a typical "staircase-like" arrangement of the bars in the corresponding diagram. In all cases where one of the three genes was not transcribed a corresponding distribution was observed, with the exception of GASZ in Calu-3 cells ([Fig. 4](#fig4){ref-type="fig"}). In this case, our previous analyses indicated a less pronounced association with perinuclear heterochromatin ([Fig. 3](#fig3){ref-type="fig"} e).

In all situations where a given gene was expressed, the erosion analysis indicated a more interior positioning ([Fig. 4](#fig4){ref-type="fig"}). Also, dissociation from perinuclear heterochromatin of the active CORTBP2 in 293 cells ([Fig. 3](#fig3){ref-type="fig"}) was reliably indicated by the erosion analysis by a drop in the numbers of FISH signals in the outermost shell below 40%. Nevertheless, the erosion analysis also indicated a relatively peripheral positioning of CORTBP2 in 293 cells, in accordance with our previous results ([Fig. 3](#fig3){ref-type="fig"}). Also, the more interior positioning of CFTR in Calu-3 cells ([Figs. 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}; also see Fig. S1) was reliably indicated by the erosion analysis. A comparable interior positioning of CFTR was observed in primary nasal epithelial cells ([Fig. 4](#fig4){ref-type="fig"}), where CFTR was also expressed. This showed that interior positioning of the active CFTR gene was not an aberrant feature of Calu-3 adenocarcinoma cells.

Additional controls showed that the relatively interior positioning of all three gene loci in Calu-3 cells was not due to disruption of the peripheral heterochromatin or disruption of the interactions of the chromosome 7 territory with the nuclear periphery (unpublished data). As a further control, we evaluated the nuclear positioning of the unrelated β-globin locus by erosion analysis in 293, SH-EP N14, and Calu-3 cells (Fig. S3, available at <http://www.jcb.org/cgi/content/full/jcb.200404107/DC1>). The nuclear positioning of the β-globin locus was not significantly different in Calu-3 cells in comparison to 293 or SH-EP N14 cells (unpaired *t* test; P \< 0.05).

In summary, comparison of the results obtained with the erosion analysis to known gene distributions in the 3D nuclear space allowed to interpret the data and showed that the erosion analysis reliably indicated even subtle changes in gene distributions (e.g., CORTBP2 in 293 cells). Together, the data showed that in all cases transcriptionally inactive loci preferentially associated with the nuclear periphery, whereas the genes resided at more interior positions in their active states. It should also be noted that with regard to the active CORTBP2 gene, no correlation between its levels of transcription ([Table I](#tbl1){ref-type="table"}) and its positions in the nuclear interior could be observed. For example, CORTBP2 was transcribed at relatively high levels in 293 cells, although it occupied in this cell type more peripheral positions than in T-lymphocytes, where it was transcribed at substantially lower levels ([Table I](#tbl1){ref-type="table"} and [Fig. 4](#fig4){ref-type="fig"}). Together with the finding that CORTBP2 did not associate with perinuclear heterochromatin but resided just behind the border to the euchromatin in 293 cells ([Fig. 3](#fig3){ref-type="fig"} d), the results suggested that association with euchromatin plays a more important role than the absolute distance to the nuclear periphery. Our finding that CORTBP2 is expressed in 293 cells at relatively high levels just behind the border to the adjacent euchromatin is in accordance with previous findings ([@bib16]; [@bib9]; [@bib33]), showing that nascent RNA synthesis takes place at the surfaces of condensed chromatin domains.

Simultaneous detection of neighboring genes
-------------------------------------------

To further address the spatial arrangements of CFTR and adjacent genes and the question of whether neighboring genes associated simultaneously with different regions of the same nucleus, we performed dual-color FISH analyses. Two adjacent genes (GASZ and CFTR, or CFTR and CORTBP2, respectively) were simultaneously detected together in the same nucleus with two different fluorochromes ([Fig. 5](#fig5){ref-type="fig"}). Next, it was determined with regard to lymphocytes, 293, SH-EP N14, and Calu-3 cells, how frequently one of these two genes was located more peripherally than the other. In addition, it was determined how frequently both genes were juxtaposed to each other, with neither locus locating more peripheral.

![**Spatial arrangements of loci as revealed by dual-color FISH.** (a) CFTR (green) and CORTBP2 (red) were simultaneously detected by dual-color FISH in a 293 nucleus (enlargements shown in the insets). Chromosome 7 territories are shown in blue (293 nuclei harbor three chromosome 7 territories). (b) The nuclear positions of adjacent loci simultaneously detected in the same nucleus by dual-color FISH were determined with respect to each other. The combinations of gene loci evaluated and the cell types analyzed are indicated. It was evaluated in each case whether CFTR was located more peripheral or more interior, respectively, with regard to the other locus, or whether both loci were juxtaposed with no locus being more interior or peripheral. In all cases for CFTR detection, the CF1 probe from the 5′ region of CFTR was used. A second CFTR-specific probe from the 3′ region of CFTR (compare with [Fig. 1](#fig1){ref-type="fig"}) was used in 293 cells, and the orientation of the corresponding FISH signal relative to the CF1-specific signal is shown in c. The bars show for each combination the percentages displaying the indicated orientation (average ± SD). *n* indicates the number of pairs of loci examined.](200404107f5){#fig5}

The data summarized in [Fig. 5](#fig5){ref-type="fig"} b show that in T-lymphocytes and 293 cells, the majority of GASZ and CFTR signals were juxtaposed to each other, with no locus being more peripheral. In contrast, CFTR preferentially showed a more peripheral position than CORTBP2. These results were in accordance with the previous results ([Fig. 3](#fig3){ref-type="fig"} and [Fig. 4](#fig4){ref-type="fig"}), showing GASZ and CFTR closely associated with the nuclear periphery of T-lymphocytes and 293 cells, in contrast to CORTBP2.

In SH-EP N14 cells, GASZ and CFTR, as well as CFTR and CORTBP2, respectively, were preferentially juxtaposed to each other ([Fig. 5](#fig5){ref-type="fig"} b). All three loci closely associated with the nuclear periphery and perinuclear heterochromatin in this cell type ([Fig. 3](#fig3){ref-type="fig"} and [Fig. 4](#fig4){ref-type="fig"}). In contrast, in Calu-3 cells CFTR was located more to the interior than GASZ or CORTBP2, respectively ([Fig. 5](#fig5){ref-type="fig"} b). Also, these findings were in accordance with our previous results ([Fig. 3](#fig3){ref-type="fig"} and [Fig. 4](#fig4){ref-type="fig"}). Although all results were in accordance with the data obtained by the previous analyses, the dual-color FISH analysis demonstrated that adjacent gene loci simultaneously associated with different nuclear regions.

Next, we addressed the question of which parts of the chromosomal region provided the flexible linker between CFTR and CORTBP2. Therefore, we performed with 293 nuclei dual-color FISH experiments with the CF1 probe specific for the 5′ region of CFTR and another probe specific for the 3′ region of CFTR ([Fig. 1](#fig1){ref-type="fig"}). The results ([Fig. 5](#fig5){ref-type="fig"} c) revealed that the 5′ and 3′ regions of CFTR were juxtaposed next to each other in the majority of cases. Together with the finding that CORTBP2 occupied more interior positions than CF1 ([Fig. 5](#fig5){ref-type="fig"} b), the results suggested that mainly the intergenic region between CFTR and CORTBP2 provided the flexible linker. This was also suggested by the fact that FISH signals obtained with the probe specific for the 3′ region of CFTR showed the same distribution in the erosion analysis as signals obtained with the 5′-specific probe (CF1) in cases where the neighboring CORTBP2 gene showed a markedly different distribution (T-lymphocytes and Calu-3 cells; unpublished data).

To further address the spatial organization of the CFTR region, we analyzed the distances of the gene loci ([Fig. 6](#fig6){ref-type="fig"}). Again, GASZ/CFTR and CFTR/CORTBP2 pairs were detected simultaneously with two different fluorochromes in the same nucleus. The smallest distances were measured in SH-EP N14 cells, where all three gene loci were juxtaposed next to each other at the nuclear periphery ([Figs. 3](#fig3){ref-type="fig"}--[5](#fig5){ref-type="fig"}). The slightly larger distances measured in SH-EP N14 cells between CFTR and CORTBP2, as compared with GASZ and CFTR ([Fig. 6](#fig6){ref-type="fig"} a), likely reflected the larger distances of the probes used for FISH ([Fig. 1](#fig1){ref-type="fig"}). Although the distances between GASZ and CFTR still did not exceed the 200-nm interval in 293 cells, as in SH-EP N14 cells, larger distances were measured between CFTR and CORTBP2 in 293 cells as compared with SH-EP N14 cells. In 293 cells, CORTBP2 occupied more interior positions ([Figs. 3](#fig3){ref-type="fig"}--[5](#fig5){ref-type="fig"}), whereas GASZ and CFTR were both associated with the nuclear periphery ([Fig. 3](#fig3){ref-type="fig"} and [Fig. 4](#fig4){ref-type="fig"}). Regarding primary T-lymphocytes, in 90% of the cases the distances between GASZ and CFTR did not exceed 200 nm. In ∼10% of the cases larger distances were measured, but did not exceed 400 nm. However, between CFTR and CORTBP2 a marked shift toward increased distances was observed (up to 1,100 nm). In primary T-lymphocytes CORTBP2 occupied substantially more interior positions than CFTR ([Fig. 4](#fig4){ref-type="fig"} and [Fig. 5](#fig5){ref-type="fig"}). As CFTR is closely associated with the nuclear periphery in T-lymphocytes and 293 cells, the distance measurements relative to CFTR also roughly indicate the distance of the active CORTBP2 locus from the nuclear periphery.

![**Distance measurements.** Adjacent loci were detected by dual-color FISH and the distances between the simultaneously detected loci were measured. The pairs of loci evaluated and the cell types analyzed are indicated. The bars (average ± SD) show for each combination the percentages with distances within a given interval (0--100 nm, 101--200 nm, etc.). The numbers below the x axes denote the distance intervals (nm). (a) 2D distances were measured on projections of the focal planes of nuclei fixed with methanol/acetic acid. (b) 3D distances were measured on the individual focal planes of Calu-3 nuclei fixed with formaldehyde. *n* indicates the number of pairs of loci analyzed.](200404107f6){#fig6}

The largest distances between GASZ and CFTR, as well as between CFTR and CORTBP2, respectively, were observed in Calu-3 cells. In this cell type CFTR displayed a markedly interior positioning, in contrast to the other two gene loci ([Figs. 2](#fig2){ref-type="fig"}--[5](#fig5){ref-type="fig"}). However, we wondered whether these increased distances were due to a more decondensed chromatin structure in Calu-3 cells. Therefore, we measured in the different cell types the sizes of the nuclei and the relative nuclear areas occupied by chromosome 7 territories. It was found that Calu-3 cells did have the smallest nuclei of all cell types analyzed (unpublished data), and that the chromosome 7 territories in this cell type occupied the smallest percentage of the nuclear area (4.29% in Calu-3 cells, compared with 4.44% in SH-EP N14 cells, 5.06% in HEK 293 cells, and 4.72% in T-lymphocytes, respectively). These findings suggest that the large distances measured in Calu-3 cells do not reflect a generally more decondensed chromatin structure, or a more decondensed structure of chromosome 7.

The relatively extreme distances observed in Calu-3 cells gave rise to the question of how far the neighboring gene loci could move apart. The 2D distance measurements described above were performed in methanol/acetic acid-fixed nuclei and the absolute distances between two loci might be overestimated by using this method. Therefore, we measured the 3D distances in formaldehyde-fixed Calu-3 nuclei imaged by confocal microscopy. It should be noted that applying the FISH technique might lead to topological changes compared with the live cell situation, although generally a good preservation of the spatial organization of chromatin domains is observed at the level of light microscopy in formaldehyde-fixed nuclei ([@bib26]; [@bib33]; [@bib31])

The results from [Fig. 6](#fig6){ref-type="fig"} b revealed that the largest distances between GASZ and CFTR were in the 300-nm range, whereas the largest distances between CFTR and CORTBP2 were in the 500-nm range. Distances were measured between the intensity centers of the FISH signals. Considering that the distances between the middlepoints of the gene sequences covered by the respective probes used for FISH were ∼85 kb (GASZ/CFTR) and ∼255 kb (CFTR/CORTBP2) apart from each other ([Fig. 1](#fig1){ref-type="fig"}), the corresponding degrees of compaction would be ∼100-fold (GASZ/CFTR) and ∼175-fold (CFTR/CORTBP2), respectively (assuming a length of 3.4 × 10^5^ nm per Mb DNA). This would be a higher degree of compaction as displayed by nucleosomal DNA or the 30-nm fiber. Nucleosomal DNA displays a packaging ratio of 1:7, whereas the 30-nm fiber is assumed to have an additional packaging ration of 1:6 ([@bib3]).

How are nuclear positioning and transcriptional activity of CFTR related to each other?
---------------------------------------------------------------------------------------

To address the question of how transcriptional regulation and nuclear positioning of CFTR were related to each other, we treated cells with the transcriptional inhibitor 5,6-dichlorobenzimidazole riboside (DRB). The nuclear localization of CFTR was determined in 293, SH-EP N14, and Calu-3 cells by erosion analysis ([Fig. 7](#fig7){ref-type="fig"}). After DRB treatment, the perinuclear localization of CFTR remained unchanged in SH-EP N14 and 293 cells ([Fig. 7](#fig7){ref-type="fig"}). As revealed by RT-PCR analyses, these cell types did not express CFTR at detectable levels, neither before nor after DRB treatment. In contrast, in Calu-3 cells a significant increase in the numbers of FISH signals was observed in the outermost shell after DRB treatment (compared with untreated Calu-3 cells; [Fig. 7](#fig7){ref-type="fig"}, unpaired *t* test, P \< 0.05). RT-PCR analysis revealed that the level of CFTR transcription was reduced to ∼50% after DRB treatment ([Table I](#tbl1){ref-type="table"}).

![**Positioning of CFTR after DRB and TSA treatment.** FISH was performed with the CF1 probe on the cell types indicated. Cells were treated with the transcriptional inhibitor DRB or the histone deacetylase inhibitor TSA. For comparison, the results obtained for untreated cells are also included. The localization of FISH signals was determined by erosion analysis. The erosion analysis was performed and the corresponding diagrams were arranged as described in the legend of [Fig. 4](#fig4){ref-type="fig"}. In addition, on each panel it is indicated whether the gene analyzed was transcriptionally active (on) or inactive (off), as revealed by RT-PCR analysis. The level of CFTR transcription in Calu-3 cells was reduced to ∼50% after DRB treatment ([Table I](#tbl1){ref-type="table"}).](200404107f7){#fig7}

To rule out that general changes of the chromatin structure due to DRB treatment in Calu-3 cells led to the positional change of CFTR, we analyzed as a control the positioning of the β-globin locus in this cell type with and without DRB treatment. The erosion analysis revealed that the β-globin locus resided in the nuclear interior in Calu-3 cells and that its positioning was not significantly different before and after DRB treatment (Fig. S3; unpaired *t* test, P \< 0.05). Together, the results revealed that treatment with the transcriptional inhibitor DRB only altered the positioning of CFTR in the active state in Calu-3 cells, where its transcription levels were reduced by DRB treatment, but not in the inactive state in SH-EP N14 and 293 cells. Also, the positioning of the unrelated β-globin locus was not affected. These findings strongly suggest that positioning of the active CFTR gene in the nuclear interior depends on its transcriptional activity.

The finding that CFTR associated with chromatin containing hyperacetylated histone H4 in Calu-3 cells ([Fig. 2](#fig2){ref-type="fig"}) suggested that also the histone acetylation levels might be involved in CFTR positioning. Therefore, we treated cells with the drug trichostatin A (TSA), which leads to histone hyperacetylation. In Calu-3 cells, where CFTR was embedded in the chromatin fraction containing hyperacetylated histone H4, no significant change in its positioning was observed after TSA treatment ([Fig. 7](#fig7){ref-type="fig"}; unpaired *t* test, P \< 0.05). However, in 293 and SH-EP N14 cells, where CFTR was normally embedded within the hypoacetylated, perinuclear heterochromatin ([Fig. 2](#fig2){ref-type="fig"} and [Fig. 3](#fig3){ref-type="fig"}), a dramatic change in CFTR positioning was observed. After TSA treatment, CFTR did not show perinuclear localization anymore, but occupied significantly more interior positions ([Fig. 7](#fig7){ref-type="fig"}; unpaired *t* test, P \< 0.05). It should be noted that TSA treatment specifically affected only the positioning of CFTR when it was associated with hypoacetylated chromatin (293 and SH-EP N14 cells). Exactly in this situation CFTR positioning was not affected by DRB treatment. And vice versa, CFTR positioning was not affected by TSA treatment when CFTR was transcriptionally active and associated with hyperacetylated chromatin (Calu-3 cells), whereas this was the only situation when CFTR positioning was affected by DRB treatment. Also, these findings suggested that the positional changes induced by the different drugs were due to their specific effects on transcription and histone acetylation, and not due to general effects on chromatin structure.

Although the results obtained by TSA treatment suggest that the level of histone acetylation at the CFTR locus might provide positional information, additional careful analyses will be necessary to answer this question more clearly. Nevertheless, CFTR in its inactive state was driven from a repressive into an active environment by TSA treatment. Therefore, the question arose whether this might be accompanied by transcriptional activation of CFTR. RT-PCR analyses revealed that CFTR was not detectably transcribed in 293 and SH-EP N14 cells, neither before nor after TSA treatment. This result demonstrated that driving CFTR into a permissive environment was not sufficient for its transcriptional activation. Together, the results obtained by DRB and TSA treatment suggested that the nuclear positioning of CFTR was dependent on its transcriptional activity, whereas the transcriptional activity of CFTR was not primarily influenced by its nuclear localization.

Localization of CFTR with respect to α-satellite DNA
----------------------------------------------------

It has been described for a number of genes that they specifically associate with pericentromeric heterochromatin in their inactive states ([@bib5], [@bib6], [@bib7]; [@bib29]). This applied also to the β-globin locus, which was found to associate specifically with pericentromeric satellite DNA in T-lymphocytes (Fig. S4 a, available at <http://www.jcb.org/cgi/content/full/jcb.200404107/DC1>), in accordance with previous data ([@bib7]). To investigate whether this also applied to CFTR, we performed dual-color FISH experiments with the CF1 probe and a probe specific for α-satellite DNA. The numbers of CF1 signals associated with α-satellite DNA were evaluated (Fig. S4 b and Table S1, available at <http://www.jcb.org/cgi/content/full/jcb.200404107/DC1>). In all six cell types, more than 80% of the CF1 signals were not associated with α-satellite DNA. In addition, a relatively high degree of association (17%) was observed in Calu-3 cells, where CFTR is highly expressed (Table S1). These results did not reveal a correlation between transcriptional silencing of CFTR and its association with pericentromeric satellite DNA.

Positioning of GASZ, CFTR, and CORTBP2 with respect to chromosome 7 territories
-------------------------------------------------------------------------------

Finally, we investigated the relationships between the expression patterns of GASZ, CFTR, and CORTBP2 and their positioning with respect to the chromosome 7 territory in primary T-lymphocytes, 293 cells, and Calu-3 cells ([Fig. 8](#fig8){ref-type="fig"}). Regarding the positioning, three different classes were defined: (1) localization of the gene-specific signal within; (2) at the periphery; or (3) outside of the chromosome 7 territory as defined by the FISH signal of the painting probe ([Fig. 8](#fig8){ref-type="fig"} a). The localizations of the three genes ([Fig. 8](#fig8){ref-type="fig"} b) did not show any correlation to their levels of transcription.

![**Positioning of GASZ, CFTR, and CORTBP2 with respect to the chromosome 7 territory.** T-lymphocytes, 293 cells, and Calu-3 cells were hybridized with the gene-specific probes (CF1 used for CFTR) and in addition with a painting probe specific for human chromosome 7. The localization of the gene-specific FISH signals was determined with regard to the chromosome 7 territory, as defined by the FISH signal of the painting probe. Gene-specific signals were assigned to three different categories: (1) localization within; (2) at the periphery; or (3) outside of the chromosome 7 territory. (a) Panels show examples (gene-specific signals, red; chromosome 7 territory, green; DAPI counterstain, blue; bars, 5 μm). The arrows in the left-hand panel point to CORTBP2-specific signals positioned within the territories, whereas the arrowhead points to a signal located at the periphery of the chromosome territory. This panel shows a Calu-3 nucleus containing three chromosome 7 territories. Both CORTBP2-specific signals (arrows) shown on the right-hand panel (T-lymphocyte nucleus) were classified as positioned outside of the corresponding chromosome territories. (b) The diagrams summarize the results obtained for the different probes and cell types indicated. Bars indicate the fractions of FISH signals (averages ± SD) located outside (left bars in the diagrams), at the periphery (bars in the middle), or within (right-hand bars) the chromosome 7 territories.](200404107f8){#fig8}

Discussion
==========

We investigated nuclear positioning and transcriptional regulation of the three adjacent human genes GASZ, CFTR, and CORTBP2. Our results demonstrated that adjacent genes can associate simultaneously with distinct nuclear regions and chromatin fractions, in accordance with their individual transcriptional activity. These findings, showing that chromosomal subregions display highly flexible nuclear arrangements regulated at the level of individual genes, seem to be in contrast to previous data demonstrating that whole chromosomes or larger chromosomal subregions show a specific nuclear positioning ([@bib17]; [@bib13]; [@bib27]; [@bib34]; [@bib4]; [@bib22],[@bib23]; [@bib35]). However, the position of a chromosomal subregion or of a whole chromosome reflects the sum of the positions of all individual genes and sequences comprised. Therefore, our data are in accordance with data showing that the bulk of a chromosome/chromosomal subregion containing many expressed genes localizes more to the interior than the bulk of a chromosome/chromosomal subregion comprising low numbers of genes and many nonexpressed genes ([@bib17]; [@bib13]; [@bib27]; [@bib4]). Such data are also in accordance with the finding that larger chromosomal regions containing functionally related genes display a concerted positioning ([@bib34]; [@bib35]). It should be noted that recent reports ([@bib22],[@bib23]) suggesting rather region-specific than gene-specific positioning investigated nuclear positioning with respect to the chromosome territory. In agreement with these results, we did not find correlations between the transcriptional activity of individual genes and their positioning with respect to the chromosome territory.

Our findings with regard to endogenous loci are in agreement with the results of a previous work investigating transgenic sequences. It was demonstrated that a lac operator containing chromosome locus moved from the periphery to the nuclear interior after targeting of the transcription factor VP16 and transcriptional activation ([@bib32]). Interestingly, when a lac operator--containing construct was integrated in an extremely gene-rich region of human chromosome 1, the transgenic sequences constitutively resided in the nuclear interior and did not change their nuclear localization in conjunction with transcriptional activation ([@bib19]). These findings suggest that transcription units do not always localize in agreement with their transcriptional regulation, and that gene-rich regions might dominate the positioning of comprised inactive sequences. It will be most interesting to compare in future analyses the positioning of adjacent sequences from gene-poor and gene-rich regions in relation to their transcriptional regulation.

Our data suggested that rather than the positioning within the chromosome territory, the association with specific chromatin fractions and the nuclear periphery/lamina seems to be related to transcriptional regulation. When addressing associations with heterochromatin, our results revealed gene-specific associations with defined subfractions of heterochromatin. For example, the β-globin locus associated specifically with pericentric heterochromatin, but not with the nuclear periphery. This is in accordance with previous reports demonstrating for the human β-globin locus, as well as for other gene loci, specific associations with pericentric heterochromatin ([@bib5], [@bib6], [@bib7]; [@bib29]). In contrast, genes from the CFTR region associated specifically with perinuclear heterochromatin, but not with pericentric or perinucleolar heterochromatin. This suggests that different fractions of heterochromatin are not equivalent and play a different role in gene regulation. This view is supported by the findings that the chromatin structure of mammalian pericentric heterochromatin appears to differ from the structure of other fractions of heterochromatin ([@bib24]), and that the transcription factor Ikaros, required for the successful development of lymphocytes, is specifically enriched in pericentric heterochromatin, with which lymphoid-specific genes associate in their inactive states ([@bib5]). A recent report did show that targeting of HP1-proteins to a transgene in mouse cells leads to silencing and recruitment to HP-1--rich pericentric heterochromatin ([@bib2]). Interestingly, repression and changes in chromatin structure remained highly localized, suggesting that also recruitment to pericentric heterochromatin did not affect closely adjacent gene loci ([@bib2]), although this possibility was not experimentally tested.

It remains to be determined which role associations with different chromatin fractions and the nuclear periphery play in the transcriptional regulation of CFTR. Cystic fibrosis is one of the most important models for gene therapy. The correlations observed between spatial nuclear arrangements and transcriptional regulation indeed imply that nuclear architecture must add an important level of regulation. However, the results of the experiments involving TSA and DRB treatment do not support this view and suggest that nuclear architecture does not play a primary role in transcriptional regulation of CFTR. However, our data do not allow conclusions with regard to the cell types targeted during gene-therapy of CF, nor do they allow conclusions regarding long-term effects and the role of nuclear positioning in the stable maintenance of CFTR expression. Therefore, it will be an important task to find out more about the question of how the nuclear organization of CFTR affects its long-term regulation in the lung tissue.

Materials and methods
=====================

Cell culture and fixation
-------------------------

For details of cell culture see supplemental data. Cells were treated with 10 ng/ml TSA for 10 h and with 50 μg/ml DRB for 5 h. For the erosion analyses, 2D distance measurements, determining the orientation of loci in dual-color FISH experiments, and the analyses regarding the positioning with respect to chromosome 7 territories and α-satellite DNA, cells were fixed with methanol/acetic acid (3:1) after hypotonic treatment (70 mM KCl for 20 min). For 3D analyses, cells were fixed with formaldehyde (3.7% in PBS) for 10 min at RT.

DNA probes and probe labeling
-----------------------------

As probes for FISH we used four different probes from the CFTR region ([Fig. 1](#fig1){ref-type="fig"}). In addition, probes specific for the β-globin locus and α-satellite DNA were used, as well as a painting probe for chromosome 7. For further details see supplemental data.

FISH
----

FISH was essentially performed as described previously ([@bib37]). For further details see supplemental data.

Immuno-FISH
-----------

Immunostaining was performed with the antibody R232/8 specific for histone H4Ac8 as described previously ([@bib27]) or with an antibody specific for LAP2β (BD Biosciences). Primary antibodies were detected with FITC- or Cy5-conjugated goat anti--rabbit or goat anti--mouse antibodies (Dianova). Immunostaining was performed with formaldehyde-fixed cells, which were fixed again with formaldehyde before in situ hybridization.

Replication labeling
--------------------

Scratch replication labeling ([@bib28]) was performed with FITC-dUTP. Cells were fixed 30 min after scratch replication labeling with formaldehyde. After fixation, the usual FISH procedure was performed. BrdU pulse labeling was performed as described previously ([@bib37]).

Imaging
-------

Confocal imaging was performed as described previously ([@bib14]). Epifluorescence imaging was performed with a microscope (Axiovert; Carl Zeiss MicroImaging, Inc.) equipped with a CCD camera. Further details are provided in the supplemental data.

Erosion analyses, calculations, distance measurements, and statistical analyses
-------------------------------------------------------------------------------

Erosion analyses and the arrangements of images were performed with Adobe Photoshop (version 7.01). Calculations and the arrangement of diagrams were performed with Microsoft Excel 2000. For microscope calibration and shift correction, fluorescent microspheres (Molecular Probes, Inc.) were used. 2D distances were measured between the intensity centers of signals as determined by the MetaMorph software (version 4.6) and were performed on projections of the focal planes. 3D distances were measured between the intensity centers of signals in the different focal planes by taking advantage of the Image J software (version 1.3). For statistical analyses we took advantage of the StatView 5.0 software.

Quantitative RT-PCR
-------------------

Human adult testis RNA has been obtained from the BioCat GmbH (Heidelberg, Germany). Other RNA was extracted from the various cell lines by the TRIzol method (Invitrogen Life Technologies), and oligo(dT)-primed reverse transcription reaction was performed with 5 μg total RNA using Superscript III reverse transcriptase (Invitrogen). Duplex PCR was performed to amplify each of the three target genes (CORTBP2, GASZ, and CFTR) simultaneously with α-actin as described previously ([@bib1]). For further details see supplemental data.

Online supplemental material
----------------------------

The supplemental materials describe details of the materials and methods used. The supplemental figures show a gallery of confocal sections of a replicational pulse-labeled Calu-3 nucleus after detection of CFTR and examples of relative quantitative PCR amplifications of CFTR and CORTBP2 in Calu-3 and HEK 293 cells, respectively. Furthermore, they show results of the erosion analysis with regard to the β-globin locus. Also, results of dual-color FISH experiments addressing the association of CFTR and the β-globin locus with α-satellite DNA are presented. Online supplemental material available at <http://www.jcb.org/cgi/content/full/jcb.200404107/DC1>.
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